Most gastrointestinal stromal tumors (GISTs) possess a gainof-function mutation in c-KIT. Imatinib mesylate, a smallmolecule inhibitor against several receptor tyrosine kinases, including KIT, platelet-derived growth factor receptor-A, and BCR-ABL, has therapeutic benefit for GISTs both via KIT and via unknown mechanisms. Clinical evidence suggests that a potential therapeutic benefit of imatinib might result from decreased glucose uptake as measured by positron emission tomography using 18-fluoro-2-deoxy-D-glucose. We sought to determine the mechanism of and correlation to altered metabolism and cell survival in response to imatinib. Glucose uptake, cell viability, and apoptosis in GIST cells were measured following imatinib treatment. Lentivirus constructs were used to stably express constitutively active AKT1 or AKT2 in GIST cells to study the role of AKT signaling in metabolism and cell survival. Immunoblots and immunofluorescent staining were used to determine the levels of plasma membrane-bound glucose transporter Glut4. We show that oncogenic activation of KIT maximizes glucose uptake in an AKT-dependent manner. Imatinib treatment markedly reduces glucose uptake via decreased levels of plasma membranebound Glut4 and induces apoptosis or growth arrest by inhibiting KIT activity. Importantly, expression of constitutively active AKT1 or AKT2 does not rescue cells from the imatinibmediated apoptosis although glucose uptake was not blocked, suggesting that the potential therapeutic effect of imatinib is independent of AKT activity and glucose deprivation. Overall, these findings contribute to a clearer understanding of the molecular mechanisms involved in the therapeutic benefit of imatinib in GIST and suggest that a drug-mediated decrease in tumor metabolism observed clinically may not entirely reflect therapeutic efficacy of treatment. (Cancer Res 2006; 66(10): 5477-86) 
Introduction
Gastrointestinal stromal tumors (GISTs) are the most common mesenchymal tumors of the digestive tract. GIST cells are believed to emanate from a progenitor of the interstitial cells of Cajal (1, 2) , a population of spindle cells that are pacemaker cells of the gut, or from an interstitial mesenchymal precursor stem cell (3) . Most
GISTs express gain-of-function mutations of KIT, the receptor tyrosine kinase (RTK) encoded by the c-KIT proto-oncogene (4, 5) . It has also been noted that f10% GIST are wild-type for c-KIT, with 30% of these harboring activating mutations in the plateletderived growth factor receptor (PDGFR) a (6) .
KIT, a 145-kDa transmembrane glycoprotein, is a member of the RTK type III family that includes PDGFR, macrophage colonystimulating factor receptor, and FMS-like tyrosine kinase 3 (7) (8) (9) (10) . These receptor kinases share common structural features: an extracellular domain made up of five immunoglobulin-like repeats, a strongly conserved juxtamembrane domain, and a tyrosine kinase domain that is split into two domains by an insertion sequence of variable length (11) .
KIT oncogenic activation results in autophosphorylation of tyrosine residues, which serve as docking sites for various signaling intermediates (12, 13) . KIT signaling regulates mechanisms that are crucial for differentiation, phosphorylation, apoptosis, neoplastic transformation, and malignant progression (14) (15) (16) (17) . However, KIT signals have variable biological effects depending on the cellular context. Therefore, the signaling pathway data in various normal and cancer cell models do not predict which KIT signaling pathways are critical for oncogenic behavior in GIST. It has been shown that, depending on the KIT mutation, various KIT oncoproteins differ in their structure and activation of specific downstream signaling pathways (8, 18) .
Clinical trials have found that GISTs are sensitive to imatinib mesylate (Gleevec, STI571, Novartis, Basel, Switzerland), which acts as a selective inhibitor for the KIT, PDGFR, and BCR-ABL tyrosine kinases (19) (20) (21) (22) . In vitro, imatinib mesylate rapidly inhibits KIT phosphorylation and tumor cell proliferation in GIST cell lines (23, 24) . Clinically, imatinib mesylate has been successfully tested in clinical trials of GIST patients with metastatic and/or unresectable tumors (25) (26) (27) .
Cancer cells use glucose abnormally when compared with normal, nontransformed cells (28) . The accelerated rate of glucose uptake and metabolism in tumor cells is multifactorial and may occur as a consequence of oncogenic transformation (29, 30) . Glucose uptake by tumors can be clinically detected by positron emission tomography (PET) scan using 18-fluoro-2-deoxy-Dglucose (FDG). In GIST, FDG inhibition is a sensitive method to evaluate early response to imatinib treatment (27, 31) . In chronic myelogenous leukemia (CML), imatinib mesylate inhibits the oncogenic activity of the tyrosine kinase BCR-ABL (32) and decreases glucose uptake from the medium by BCR-ABL-positive cells (33) . Given the above clinical and experimental observations (i.e., that imatinib mesylate decreases glucose uptake by GIST in vivo as observed by PET scanning and in CML cell lines in vitro and that imatinib mesylate is an inhibitor of specific tyrosine kinases), we decided to evaluate the changes in glucose uptake in response to imatinib in GIST. The purpose of our study was to determine the association of altered glucose uptake directly with cell survival as an indicator of therapeutic benefit of imatinib mesylate and to determine the molecular mechanisms that regulate the alteration of glucose uptake and GIST cell survival.
We report that constitutively active KIT is associated with a high rate of glucose uptake in GIST cells. Imatinib mesylate inhibits KIT activity and leads to down-regulation of AKT, resulting in decreased glucose uptake by the tumor cells. We further show that endocytosis of the Glut4 transporter from the cell surface leads to decreased glucose uptake due to inhibition of AKT activity with imatinib mesylate. However, imatinib mesylate-induced cell growth arrest and eventual apoptosis are independent of AKT activity and may therefore be independent of glucose uptake. Most importantly, we show that activation of the AKT pathway, although acknowledged as a survival pathway that is notably down-regulated by imatinib mesylate, is not the mechanism of GIST cell survival. Additionally, this work suggests that decrease in glucose uptake by GIST cells after imatinib mesylate may not be the only mechanism that results in cell death. In summary, we have shown that tumor growth inhibition and induction of apoptosis by imatinib mesylate is not singularly dependent on changes in glucose uptake or on the inhibition of the AKT signaling pathway.
Materials and Methods
Chemicals. Imatinib mesylate (Gleevec, STI571, obtained from the Fox Chase Cancer Center pharmacy, Philadelphia, PA) was dissolved in sterile PBS and stored at À20jC. 2-3 H-deoxy-glucose was purchased from Amersham Biosciences (Piscataway, NJ). LY294002 and U0126 were purchased from Calbiochem (La Jolla, CA). All antibodies (except h-actin, anti-Glut1, Glut4, and Na/K ATPase-a1) used in this study were purchased from Cell Signaling Technologies (Beverly, MA) and used according to the manufacturer's instruction. Anti-h-actin antibody was purchased from Sigma (St. Louis, MO). Anti-Glut4 antiserum used in immunostaining was a generous gift from Dr. Morris Birnbaum (University of Pennsylvania, Philadelphia, PA). Anti-Glut4 and anti-Glut1 antibodies used for immunoblots were purchased from Abcam (Cambridge, MA). Anti-Na/K ATPase-a1 antibody was purchased from Novus Biologicals (Littleton, CO). Horseradish peroxidase (HRP)-conjugated secondary antibodies were purchased from Amersham Biosciences. Fluorophore-conjugated secondary antibodies and Vybrant cell-labeling solutions for membrane labeling were purchased from Molecular Probes (Eugene, OR).
Cell cultures. GIST 882 cells, a generous gift from Dr. Jonathon Fletcher (Brigham and Women's Hospital, Boston, MA), possess a homozygous mutation in c-KIT exon 13 and were grown as described previously (24) . GIST T1 cells (34) possess a homozygous mutation in c-KIT exon 11 and were maintained in DMEM supplemented with 10% fetal bovine serum and glutamine. For imatinib treatment, imatinib was added directly to the cell medium at a final concentration indicated in each result.
Preparation of whole-cell extract from cells and immunoblot assays. The whole-cell extract was prepared as described previously (24) . Wholecell extract (50 Ag) was electrophoresed and blotted onto Immobilon-P membrane (Millipore, Billerica, MA). Membranes were incubated with primary antibodies (1:1,000 dilution for all primary antibodies used in this study) and diluted in TBS/0.5% Tween 20 with 5% bovine serum albumin (BSA) at 4jC overnight followed by HRP-conjugated secondary antibody at room temperature for 1 hour. Protein bands were detected by Western Lighting Plus chemiluminescence reagent (Roche, Indianapolis, IN).
Viability and apoptosis assays. GIST cells were seeded at 4 Â 10 5 per six-well plates and treated with drugs for indicated time points. For cell growth and viability assays, cells were harvested by trypsinization at each time point, washed in PBS, and stained using Guava ViaCount Reagent (Guava Technologies, Inc., Hayward, CA). The IC 50 was determined by treating cells with varying doses of drugs for 72 hours, and the value of IC 50 was determined at the concentration when there was a 50% reduction in cell number. For apoptosis assays, cells were harvested at 72 hours after treatment and stained using the Guava Nexin kit according to manufacturer's recommendations. Cell populations were analyzed by the Guava Personal Cell Analysis system, and data were processed using CytoSoft software (Guava Technologies).
Glucose uptake assay. GIST cells were seeded at 5 Â 10 5 per six-well plate. After treatment, cells were rinsed twice with prewarmed glucose uptake buffer [118 mmol/L NaCl, 5 mmol/L KCl, 1.3 mmol/L CaCl 2 , 1.2 mmol/L MgSO 4 , 1.2 mmol/L KH 2 PO 4 (pH 7.4)]. After rinsing, 500 AL prewarmed glucose uptake buffer was added to each well, and the cells were incubated at 37jC for 10 minutes. 10Â uptake buffer (50 AL; 1 mL glucose uptake buffer contains 5 ACi 2-3 H-deoxy-glucose and 50 Amol/L glucose) was then added to each well followed by incubation of cells at 37jC for an additional 10 minutes. The uptake was terminated by washing the cells five times with PBS followed by lysis with 500 AL of 0.1% SDS at room temperature for at least 30 minutes. Cell lysates were transferred into scintillation vials, and each well was rinsed with additional 500 AL distilled water. Then, the total volume was collected and subjected to protein quantitation and scintillation counting. Cytochalasin B (10 Amol/L; Sigma) was used as background control for glucose uptake and subtracted from all counts. To determine the percentage (%) of glucose uptake, uptake per minute per mg protein (cpm/min/mg) was calculated based on cpm and total protein concentration. The absolute uptake was then normalized with nontreated samples to determine the percentage of uptake. At least three independent uptake assays were done for each experiment, and experimental variations and significance were determined by SD.
Lentiviral construction. Myristoylated human AKT1 coding region was amplified by reverse transcription-PCR using forward (5 ¶-ATACTCTAGAGC-CACCATGGGGAGCAGCAAGAGCAAGCCCAAGGACCCCAGCCAGCGCCG-GAGCGACGTGGCTATTGTGAAG-3 ¶), which contains both the Kozac and myristoylation sequences (35) , and reverse (5 ¶-ATACGGATCCTCAGGCA-TAATCGGGTACATCGTAAGGGTAGGCCGTGCTGCTGGCCGAGT-3 ¶) primers, in which a stop codon was incorporated. Total RNA template was isolated from GIST T1 cells using Trizol reagent following the manufacturer's instruction (Invitrogen, Carlsbad, CA). cDNA was synthesized using avian myeloblastosis virus reverse transcriptase (Promega, Madison, WI). The PCR was carried out following the manufacturer's instruction using Expand High Fidelity PCR System (Roche). The PCR product was then cloned in pCR2.1-TOPO vector (Invitrogen), and the DNA sequence was verified and subcloned into pENTR3C vector (ViraPower Lentiviral Expression system, Invitrogen). The myristylated human AKT2 construct in DsRed2 vector was kindly provided by Dr. Jin Cheng (Moffitt Cancer Center, University of South Florida, Tampa, FL) and subcloned into pENTR3C vector. Amphotropic T293FT cells were used to generate viral stock following the manufacturer's instruction (ViraPower Lentiviral Expression system). Lentivirus expressing myristylated AKT1 or AKT2 was used to infect GIST T1 cells generating GIST T1/AKT1 and GIST T1/AKT2 cell lines, respectively. Lentiviral vector expressing LacZ gene as control was provided by the manufacturer.
Immunostaining and microscopy. Cells were fixed with 4% paraformaldehyde for 20 minutes at room temperature followed by extensive washing with PBS to remove excess paraformaldehyde. Cells were then permeabilized with PBS containing 0.2% Triton X-100 for 5 minutes at room temperature followed by three PBS washes with gentle shaking. Permeabilized cells were blocked in PBS plus 1% BSA for 1 hour at room temperature. The cells were then incubated with primary antibodies LaserSharp2000 software for acquisition. The images were acquired sequentially to avoid emission bleed-through.
Subcellular fractionation and sucrose gradient centrifugation. GIST cells were maintained in growth medium with and without imatinib treatment for 40 hours. After incubation, cells were washed twice with PBS, scraped, and pelleted by centrifugation at 1,500 rpm for 5 minutes. The cell pellets were resuspended in HES buffer [20 mmol/L HEPES (pH 7.4), 1 mmol/L EDTA, 250 mmol/L sucrose] supplemented with protease inhibitor cocktail (Roche) and 250 nmol/L phenylmethylsulfonyl fluoride (Sigma). The cells were homogenized by passing through a 31-gauge needle six times. Nuclei, mitochondria, and plasma membrane were obtained by centrifugation at 14,000 Â g for 15 minutes (Sorvall Super T21). The resulting pellet was resuspended in 5 mL HES buffer and layered on 5 mL of 1.12 mol/L sucrose cushion [20 mmol/L HEPES (pH 7.4), 1 mmol/L EDTA, 1.12 mol/L sucrose] and centrifuged at 100,000 Â g in a SW41 rotor (Beckman, Fullerton, CA) for 1 hour at 4jC. The white, fluffy, middle layer is the plasma membrane containing fraction. The plasma membrane fraction was then resuspended with 10 mL HES and pelleted by centrifugation at 40,000 Â g in a SW41 rotor for 20 minutes at 4jC. The protein concentration of plasma membrane fraction was determined according to Bradford methods. Protein (10 Ag) from the plasma membrane fraction was subjected to immunoblotting assays as described previously.
Results
Sensitivity of GIST cells to imatinib as a function of c-KIT mutational status. Recent clinical studies have shown that response to imatinib mesylate in GIST patients is dependent on the mutational status of KIT (36) . Using in vitro model systems, we evaluated two GIST cell lines, GIST 882 and GIST T1, for their sensitivity to imatinib. GIST 882 cells possess a missense mutation in exon 13 (K642E), whereas GIST T1 cells contain a 57-nucleotide in-frame deletion in exon 11 (V560_Y579del). Our results showed that imatinib mesylate blocks autophosphorylation of KIT in both GIST 882 and GIST T1 cells but at different drug concentrations. Imatinib mesylate at 0.01 Amol/L concentration significantly inhibits KIT autophosphorylation in GIST 882 cells, whereas GIST T1 cells required treatment with 0.1 Amol/L imatinib mesylate to completely block KIT autophosphorylation (Fig. 1A) . Intriguingly, imatinib mesylate concentrations required for the inhibition of KIT phosphorylation did not correlate well with cell viability and growth of GIST cells ( Fig. 1B; data not shown). We determined that GIST T1 cells were f30-fold more sensitive to imatinib mesylate than GIST 882 cells with regard to cell growth. The IC 50 (50% reduction in cell number) was f25 nmol/L imatinib mesylate for GIST T1 cells versus f750 nmol/L imatinib mesylate for GIST 882 cells as determined by evaluating cell number at varying doses of imatinib mesylate (0-10 Amol/L; data not shown). Next, we showed that exposure to imatinib mesylate effectively induced apoptosis in GIST T1 cells but not in GIST 882 cells as determined by fluorescence-activated cell sorting analysis using Annexin V and 7-aminoactinomycin staining (Fig. 1C) . GIST 882 cells treated with imatinib mesylate show no significant increase in either early or late apoptosis during the 72-hour treatment period. In comparison, we observed a 3-to 5-fold increase in apoptotic cells in GIST T1 (Fig. 1C) . These results suggest that V560_Y579del mutant KIT is particularly sensitive to imatinib mesylate-induced cell death by clinically relevant concentrations of imatinib mesylate compared with cells with the missense mutation in exon 13 (K642E), supporting findings in clinical studies (37, 38) , and that the phosphorylation status of KIT alone was not reflective of biological response to imatinib mesylate.
Imatinib treatment causes dephosphorylation of KIT and AKT and decreases glucose uptake in GIST cells. We next examined the phosphorylation status of purported downstream mediators of KIT signaling [e.g., AKT and mitogen-activated protein kinase (MAPK1/MAPK2)] after imatinib mesylate treatment. As shown in Fig. 2 , imatinib mesylate strongly inhibited phosphorylation of KIT in both cell lines beginning as early as 1 hour and persisted for at least 24 hours ( Fig. 2A and B) . Treatment with LY 294002 ( Fig. 2A and B, lane LY) and U0126 ( Fig. 2A and B, lane U) , the specific inhibitors of phosphatidylinositol 3-kinase (PI3K) and MAPK/extracellular signal-regulated kinase kinase (MEK1/MEK2), respectively, did not cause dephosphorylation of KIT, confirming that KIT dephosphorylation is imatinib mesylate specific. In addition, imatinib mesylate caused a decrease in phosphorylated AKT at Ser 473 and Thr 308 residues. Treatment with LY294002 did not alter the phosphorylation status of KIT, although it caused A, immunoblot assays of GIST T1 and GIST 882 cells treated with imatinib mesylate for 6 hours at indicated concentrations. Equal amounts of whole-cell extract from each sample were subjected to immunoblot assays using specific anti-phosphorylated KIT and KIT antibodies. The mutational status of GIST T1 and GIST 882 cells are indicated below each figure. B, cell viability assays. GIST T1 and GIST 882 cells were treated at various concentrations of imatinib mesylate for 72 hours. Percentage of cell viability was derived by normalizing the number of viable cells in the treated samples to that of nontreated samples. Points, statistical summary of three independent experiments. C, apoptosis assays. GIST T1 and GIST 882 cells were treated with imatinib mesylate at the indicated concentration for 72 hours. Percentage of apoptotic cells were derived by dividing the number of apoptotic cells with the number of total cells. dephosphorylation of AKT ( Fig. 2A and B, lane LY ) . This result indicates that AKT is a shared downstream effector of both KIT and PI3K activity in GIST. In GIST T1 cells, imatinib mesylate leads to a transient dephosphorylation of MAPK1/MAPK2 (Fig. 2A) . Interestingly, the phosphorylation of MAPK1/MAPK2 recovered over time during imatinib mesylate treatment. This phenomenon could be secondary to activation of another signaling pathway leading to phosphorylation of MAPK1/MAPK2 when KIT-AKT signaling is inhibited. However, in GIST 882 cells, imatinib mesylate inhibits phosphorylation of MAPK1/MAPK2 throughout the observed time course. These data agree with the clinical observations that KIT mutation status of GIST determines response to imatinib mesylate therapy. For all conditions tested, the total levels of KIT, AKT, and MAPK1/MAPK2 remained unchanged throughout treatments.
Published data indicate that FDG-PET is an early and sensitive method to evaluate response to imatinib mesylate treatment (19, 27, 39) . Using FDG, we determined that imatinib mesylate directly reduces glucose transport into GIST cells in culture. GIST T1 displayed an imatinib mesylate-dependent decrease in glucose uptake as a function of time, whereas GIST 882 cells showed an initial increase in glucose uptake for up to 5 hours after addition of imatinib mesylate followed by a sharp decrease of glucose uptake (Fig. 2C ). This result clearly shows that imatinib mesylate treatment directly leads to decreased glucose transport into GIST cells in vitro similar to what is seen by clinical FDG-PET. It is important to note that activating KIT maximizes AKT phosphorylation and glucose uptake in GIST cell. However, the addition of insulin does not have a synergistic effect on KIT-mediated glucose uptake, although the insulin receptor is expressed in both GIST cell lines (data not shown).
LY294002 treatment causes dephosphorylation of AKT and decreases glucose uptake in GIST cells. To further determine the mechanism by which imatinib mesylate treatment decreases glucose uptake, LY294002, a specific inhibitor of PI3K, was used to examine the role of AKT in glucose uptake. AKT is the major target for PI3K, and inhibition of PI3K directly leads to inactivation of AKTs. Previously, we have shown that LY294002 effectively caused dephosphorylation of AKT at both Ser 473 and Thr 308 residues in GIST 882 cells (24) . In this study, we examined the inhibitory effect of LY294002 on GIST T1 cells in comparison with GIST 882 cells. LY294002 treatment caused strong dephosphorylation of AKT at both Ser 473 and Thr 308 residues as early as 1 hour after treatment and lasted for at least 24 hours (Fig. 3A and B) . LY294002 treatment did not cause dephosphorylation of KIT, whereas imatinib mesylate caused AKT dephosphorylation, indicating that KIT is an upstream mediator of PI3K and AKT in GIST. As expected, 1-hour treatment caused dephosphorylation of KIT and AKT (Fig. 3A and B, lane IM) , and 1-hour U0126 (Fig. 3A and B, lane U) treatment did not. Finally, LY294002 treatment clearly resulted in decreased glucose uptake in both cell lines as a function of time (Fig. 3C ). This result suggests that glucose uptake in GIST cells is mediated by the PI3K and presumably the AKT pathway.
Imatinib-induced apoptosis is independent of AKT signaling. To examine the function of AKT activation in GIST, we infected GIST T1 cells with lentiviral vectors expressing either myristylated AKT1 or myristoylated AKT2 (hereafter referred to as GIST T1/ AKT1 and GIST T1/AKT2, respectively), the membrane-bound AKT isoforms that are constitutively active, and the LacZ gene as control (hereafter referred to as GIST T1/Lac). The rationale for introducing myristylated AKT isoforms into GIST T1 cells is to determine whether expression of constitutively activated AKT will reverse imatinib mesylate-mediated apoptosis in GIST T1 cells as one might predict based on previous studies. As shown in Fig. 4A , imatinib mesylate treatment caused dephosphorylation of KIT as early as 1 hour in all three cell lines, consistent with the result from parental GIST T1 cells (Fig. 2A) . However, AKT1 and AKT2 remained phosphorylated in GIST T1/AKT1 and GIST T1/ AKT2 cells but not in GIST T1/Lac cells. Glycogen synthase kinase3h (GSK3h), one of the downstream targets for activated AKT, remained phosphorylated in GIST T1/AKT1 and GIST T1/AKT2 cells throughout the treatment. We also evaluated another AKT target, BAD. BAD is a proapoptotic member of the BCL-2 family. AKT has been shown to promote cell survival via its ability to (40, 41) . As observed for GSK3h, BAD remained phosphorylated in T1/ATK1 and GIST T1/AKT2 cells treated with imatinib mesylate and LY294002. These results provide additional evidence that the AKT pathway is constitutively active in the AKT1-or AKT2-transduced cells. As expected, U0126 (Fig. 4A , lane U) had no effect on KIT, AKT, GKS3h, or BAD phosphorylation.
We then assayed the role of AKT signaling in the growth response to imatinib mesylate. We expected that GIST T1/AKT1 and GIST T1/AKT2 cells would be resistant to imatinib mesylateinduced apoptosis, as AKT is involved in the survival pathway. Surprisingly, imatinib mesylate treatment resulted in cell death even in the presence of constitutively activated AKTs (Fig. 4B,  bottom) . Similarly, parental GIST T1 and GIST T1/Lac cells were also sensitive to imatinib mesylate-induced cell death (Fig. 4B,  top) . The cell death is via an apoptotic pathway as determined by Annexin V staining (data not shown), and phosphorylation of BAD by constitutively active AKT did not prevent cells from undergoing imatinib-induced apoptosis (Fig. 4A and B) . These results show for the first time that although AKT is involved in the survival pathway in many tumors, constitutive expression of myristoylated AKT1 or ATK2 fails to rescue imatinib mesylate-induced growth suppression and apoptosis in GIST cells.
We next tested if glucose uptake was dependent on AKT signaling in GISTs. We showed that glucose uptake in GIST cells is dependent on both AKT1 and AKT2 isoforms (Fig. 4C) . The PI3K-AKT pathway is the major mediator for glucose transport via the insulin receptor pathway in insulin-responsive cells. Here, we show that, in the absence of insulin stimulation, GIST cells expressing constitutively active AKT1 or AKT2 are able to maintain high levels of glucose uptake even when KIT activation is inhibited by imatinib mesylate. This result indicates that glucose uptake in GIST is AKT dependent, in contrast to imatinib mesylate-induced effects on cell growth and apoptosis, which can be AKT independent.
PI3K mediates the therapeutic effects of imatinib independent of AKT. KIT phosphorylation at the Tyr 719 leads to the activation of PI3K (13) . Mutation of this residue completely disrupts PI3K binding to KIT and reduces PI3K-dependent AKT activation by 90% (12) . To establish whether PI3K activity has an essential role in KIT signaling and whether it is essential for imatinib mesylate-mediated effects on GIST cell growth and apoptosis, we again examined the inhibitory effect of LY294002. In GIST T1/AKT1 cells, it was very clear that LY294002 had no inhibitory effect on myristoylated AKT1 at both Ser 473 and Thr 308 residues (Fig. 5A , middle) but inhibited the endogenous levels of phosphorylated AKT at these two residues (Fig. 5A, arrowheads) . The doublet bands of phosphorylated AKT represent the myristoylated AKT1 and endogenous AKT (Fig. 5A, arrowheads) . Likewise, LY294002 did not inhibit myristoylated AKT2 phosphorylation in GIST T1/AKT2 cells (Fig. 5A, right) . In addition, GSK3h and BAD also remain phosphorylated throughout treatment due to constitutively active AKT1 or AKT2 (Fig. 5A and B) . As expected, LY294002 strongly inhibits phosphorylation of endogenous AKT in GIST T1/Lac cells (Fig. 5A, left) . These results confirm that myristoylated AKT isoforms remain phosphorylated in transduced cells even with LY294002 treatment. Similar to the imatinib mesylate-induced apoptosis (Fig. 4B) , we noted that GIST T1/AKT1 and GIST T1/AKT2 cells also display LY294002-induced growth arrest. We determined that the IC 50 for LY294002 of GIST T1 cells is 5 Amol/L (data not shown). Additionally, parental T1 and GIST T1/Lac, when treated with LY294002, showed similar degrees of arrest due to PI3K inhibition as well as decreased levels of phosphorylation of AKT at Ser 473 by immunoblots (Fig. 5C, top, insets) . It is then surprising that LY294002 also caused cell arrest in GIST T1/AKT1 and GIST T1/AKT2 cells despite there being no inhibition of phosphorylation of AKT (Fig. 5C, bottom, insets) . However, these results are consistent with the studies of imatinib mesylate, suggesting that PI3K inhibition, independent of AKT inhibition, may help mediate the effects of KIT inhibition by imatinib mesylate.
Next, we examined whether PI3K signaling was involved in glucose uptake in GIST cells. Unlike imatinib mesylate, LY294002 preferentially inhibits glucose uptake in myristoylated AKT1 cells better than in myristoylated AKT2 cells. The rate of glucose uptake remained high throughout treatment in GIST T1/AKT2 cells. However, glucose uptake in GIST T1/Lac and GIST T1/AKT1 cells was inhibited by LY294002 (Fig. 5D ). This result suggests that the AKT2 isoform may have a dominant role in glucose uptake in GIST.
Mechanistic evaluation of imatinib mesylate on the glucose transporter Glut4. Finally, we examined the mechanism that regulates glucose transport in GIST cells. We focused our studies on the expression and localization of two prominent glucose transporters, Glut1 and Glut4. Parental GIST 882 and GIST T1, GIST T1/Lac, GIST T1/AKT1, and GIST T1/AKT2 cells were treated with imatinib mesylate for 48 hours followed by immunoblot assays of the plasma membrane fraction (Fig. 6A and B) . Densitometry scanning showed that, in GIST 882, GIST T1, and GIST T1/Lac cells, the amount of Glut4 transporter on the plasma membrane fraction was reduced in imatinib mesylate-treated cells compared with nontreated cells (see relative plasma membrane level, Fig. 6A ). The reduction of the plasma membrane-bound Glut4 by imatinib mesylate leads to decreased glucose uptake (Figs. 2C and 4C). Treatment with imatinib mesylate caused Glut4 to translocate, via endocytosis, from the plasma membrane to the cytosol as evidenced by lower levels of plasma membrane-bound Glut4. By contrast, GIST T1/AKT1 and GIST T1/AKT2 cells have comparable amounts of plasma membrane-bound Glut4 that was not reduced by imatinib mesylate treatment. Na/K ATPase-a1 antibody was used as a plasma membrane marker and a loading control. The relative level of plasma membrane-bound Glut4 for each sample was derived by normalizing Glut4 intensity with Na/K ATPase-a1 intensity. For purity control, we also blotted the membrane with h-actin, the marker for cytosolic compartment (data not shown). We have shown that Glut1 is also expressed in GIST cells, with the majority sequestered in cytosolic membrane vesicles (data not shown).
We further confirmed the imatinib mesylate induced Glut4 translocation by immunofluorescent staining. GIST 882 and GIST T1 cells without imatinib mesylate displayed staining of the plasma membrane as well as intracellular microsomes of membranebound Glut4 (Fig. 6C, 1-3 and 7-9 ), whereas imatinib mesylatetreated cells had prominent cytosolic staining of intracellular microsomes (Fig. 6C, 4-6 and 10-12) . The prominent staining of intracellular microsomes in imatinib mesylate-treated cells could be due to endocytosis of Glut4 from plasma membrane or sequestering of intracellular microsomes from exocytosis. In combination with our data above, our results suggest that imatinib mesylate increases Glut4 endocytosis, resulting in decreased plasma membrane-bound Glut4 molecules and leading to reduction of Figure 4 . Imatinib-induced apoptosis is independent of AKT signaling and glucose uptake. A, GIST T1/Lac, GIST T1/AKT1, and GIST T1/ AKT2 cells were treated with 10 Amol/L imatinib mesylate for the indicated time points. Equal amounts of whole-cell extract from each sample were subjected to immunoblotting using specific antibodies as indicated. Lanes LY and U, cells were treated with 30 Amol/L LY294002 and 10 Amol/L U0126, respectively. B, viability assays. Cells were treated with 1 Amol/L imatinib mesylate, and total viable cells were measured as described in Materials and Method at the indicated time points. C, glucose uptake assays. Cells were treated with imatinib mesylate (IM) for the indicated time points. Percentage of uptake was normalized to nontreated samples (0 hour). Columns, statistical summary of four independent experiments.
glucose transport into cells. Likewise, GIST T1/Lac cells also display imatinib mesylate-mediated decrease of plasma membrane-bound Glut4. However, expression of constitutively active AKT1 or AKT2 did not result in imatinib mesylate-induced endocytosis of Glut4 (see Supplementary Data). These results agree with the glucose uptake assays shown in Figs. 4 and 5.
Discussion
The findings presented here show a novel insight into the molecular exploration of the therapeutic effects of imatinib mesylate in the treatment of GIST cells specifically with regard to drug-induced tumor cell killing. Imatinib mesylate leads to the reduction of glucose uptake in GIST cells in an AKT-dependent manner and inhibition of cell growth and induction of apoptosis in an AKT-independent manner. Importantly, we have shown that reduction of glucose uptake, which is quantified by FDG-PET and is prognostic of tumor response to imatinib mesylate, may not absolutely correlate with decreased cell growth and tumor shrinkage via apoptosis. Initially, we established that GIST cell lines harboring mutations in c-KIT display differential sensitivity to imatinib mesylate and that inhibition of KIT phosphorylation Figure 5 . LY294002 treatment of GIST T1 cells expressing constitutive active AKT1 or AKT2. A and B, GIST T1/Lac, GIST T1/AKT1, and GIST T1/AKT2 cells were treated with LY294002 for the indicated time points. Equal amounts of whole-cell extract from each sample were subjected to immunoblotting using specific antibodies as indicated. Lanes IM and U, cells were treated with 10 Amol/L imatinib mesylate and 10 Amol/L U0126, respectively. C, viability assays. Cells were treated with imatinib mesylate, and total viable cells were measured at the indicated time points. Insets, immunoblots for phosphorylated AKT Ser 473 . D, glucose uptake assays. Cells were treated with LY294002 for the indicated time points. Percentage of uptake was normalized to nontreated samples (0 hour). Columns, statistical summary of three independent experiments.
is not the sole predictor of the biological response. These results are consistent with clinical trial results of imatinib mesylate, which found that GIST tumors with KIT mutations in exon 11 (e.g., GIST T1) have the highest response rate and disease-free survival compared with mutations outside this region (e.g., GIST 882; ref. 36 ). In our current study, we have shown that both GIST cell lines undergo imatinib mesylate-mediated inhibition of KIT autophosphorylation and growth arrest but that drug treatment of GIST T1 cells elicits a more efficient apoptotic response.
It was suggested in a recent report that imatinib mesylate caused a decrease in glucose uptake and that this enhanced the cytotoxic effect of imatinib mesylate only in an imatinib mesylate-sensitive tumor. An imatinib mesylate-resistant tumor showed no changes in FDG uptake (42) . That report agrees with conventional observations, that is, a decrease in glucose uptake by tumor is a direct reflection of the therapeutic effect of drug treatment. However, that study used KIT-transfected myeloid progenitor cells as a GIST model, which may not accurately mimic de novo response of GIST. In our study, we examined whether imatinib mesylate has influence on glucose uptake by GIST cells and the association of this glucose uptake with analytic measurement of GIST cell survival. We have shown that imatinib mesylate directly decreases glucose uptake, in an AKT-dependent manner, in both GIST cell lines despite the fact that one cell line is sensitive and the other is resistant to imatinib mesylate-mediated apoptosis. Furthermore, constitutively active AKT1 or AKT2 isoforms did not rescue GIST T1 cells from imatinib mesylate-induced apoptosis, suggesting that AKT activation may not be the sole mechanism for GIST cell survival after addition of imatinib mesylate. However, a separate AKT-mediated mechanism is responsible for glucose uptake in GIST cells as shown by constitutively active AKT1 or AKT2 isoforms capable of reversing the inhibitory effect of imatinib mesylate on glucose uptake. Collectively, our results show that, when treated with imatinib mesylate, the cell growth and glucose uptake in GIST are two mutually exclusive events, with AKT-independent cell growth and survival and AKT-dependent glucose uptake. Most importantly, we have shown that the therapeutic effect of imatinib mesylate in GIST may be independent of AKT despite glucose uptake being dependent on AKT. These results suggest that loss of FDG uptake as detected on PET scan may be a surrogate for but not pathognomic of the actual tumor cell killing.
In addition, we show in vitro that gain-of-function mutations in KIT lead to constitutive activation and result in increased glucose transport in GIST cells in an insulin-independent manner (data not shown). The high rate of glucose uptake in GIST is Figure 6 . Immunoblot assays of the plasma membrane (PM ) fraction. GIST 882 and GIST T1 (A ) and GIST T1/Lac, GIST T1/AKT1, and GIST T1/AKT2 (B ) cells were treated with imatinib mesylate. Equal amounts (10 Ag) of proteins from the plasma fraction were subjected to immunoblot assays using indicated antibodies. C, immunostainings of GIST 882 (1-6) and GIST T1 (7-12 ) cells were imatinib mesylate treated and untreated. Anti-Glut4 antibody (green ) and Vybrant cell-labeling solution (blue ) were used for Glut4 and membrane staining, respectively. therefore a biological phenomena regulated by the constitutively active KIT/PI3K/AKT pathway, which maximizes AKT activity. These results indicate that the high rate of glucose uptake in GIST tumor cells may correlate closely with AKT-dependent tumor survival mechanisms.
Finally, we have shown a mechanism that mediates glucose transport in GIST. We show that the glucose transporter Glut4 and, to a lesser extent, Glut1 are prominent on the plasma membrane of GIST 882 and GIST T1 cells ( Fig. 6; data not shown) . It has been shown previously that Glut4 transporter mediates the entry of glucose into certain tissues (43, 44) , and Glut4 expression has been found in breast, gastric, and other malignancies (45) (46) (47) (48) (49) (50) (51) . In our study, we show that the expression of Glut4 in GIST cells is located in both plasma membrane and cytoplasmic compartments. However, on imatinib mesylate treatment, there is a significant decrease of membrane-bound Glut4 molecules in GIST 882 and GIST T1 cells, indicating that the endocytosis pathway of Glut4 is activated after imatinib mesylate treatment of GIST cells. Overall, these collective findings contribute to a clearer understanding of the molecular mechanisms involved in the therapeutic benefit of imatinib mesylate in GIST.
